The effects of fish freshness (stored in ice for 0-18 days) on cook loss and shrinkage of grass carp (Ctenopharyngodon idellus) fillets following pasteurization treatments (70-90ºC, 0-60 min) were investigated. The cook loss and shrinkage of fish fillets increased with the severity of heat treatment, but decreased as the fish fillets became less fresh. A decrease in cook loss and shrinkage of fish muscles was tied to their changes in pH, total volatile base nitrogen and protein functionality. This study indicates the importance of using fish samples with consistent freshness in packaged pasteurized fish-based entrees.
INTRODUCTION
Cook loss and shrinkage of muscle foods, such as beef, pork, chicken, and fish, during thermal processing are among the most important quality attributes. Cook loss and shrinkage are not only directly related to sensory properties, in particular juiciness/dryness and toughness/tenderness as well as appearance of muscle foods, but are also tied to the loss of soluble nutrients and market value of these products. In addition, compared to other important quality attributes, such as texture and color, determination of cook loss and shrinkage are simpler and faster, and the results are usually more accurate, consistent and closely associated with sensory acceptability. For example, texture properties determined through compression, shear, or tensile forces are strongly dependent upon the test methods and equipment used and normally have large relative errors; similarly the color of muscle food may vary greatly between individual samples even when collected from the same batch. [1] Cook loss and shrinkage of meat or fish muscles are caused by heat induced protein denaturation, resulting in shrinkage of myofibers and collagen fibers and gelation of some soluble proteins. [2] Cook loss and shrinkage of muscle foods are dependent upon both external factors, such as thermal processing conditions including heating temperature and time, [3] [4] [5] and internal factors which are physical and chemical properties of the tested samples. Among various factors tested about their effects on the cook loss and shrinkages of muscle foods, sample freshness is probably the least studied one, although samples with consistent freshness must be used in a well-designed experiment.
The effects of fish freshness on cook loss and shrinkage have been recognized as shown in some publications about the change in quality properties of fish muscles during cold storage. [6] [7] [8] [9] However, there is a lack of systematic study using samples with well-controlled consistency to explain how cook loss and shrinkage are tied to the underlying chemical changes that occur immediately following the death of fish and with further changes in freshness during cold storage, in particular under a wide range of heating conditions. Understanding this phenomenon is becoming more important with the development of in-package pasteurization processes using either conventional retort heating or innovative dielectric heating which can occur over a wide range of thermal processing conditions, all of which could affect the overall sensory properties and market values of fish based entrees.
The purpose of this study was to use grass carp (Ctenopharyngodon idellus), one of the most widely cultured freshwater fish species in China, as a model system to investigate how the cook loss and shrinkage of fish fillets varying in freshness (stored in ice for 0, 1, 3, 7, 12, and 18 days) changed under different pasteurization treatments (70, 80, 90ºC, 0-60 min). The changes in pH, total volatile basic nitrogen (TVB-N), drip loss, and total soluble proteins (TSP) of fish muscles during storage were also evaluated in an attempt to explain the interactions of factors associated with freshness on cook loss and shrinkage.
MATERIALS AND METHODS

Sample Preparation
A total of 25 live grass carp (4047 ± 222 g) were purchased from a local vendor in Shanghai, China over a period of 6 months, and the vendor procured the fish from the same fish grower as per our request. One to three grass carp were obtained each time depending on the complexity of the experiments. Live grass carp were killed by a hard blow to the head, gutted, and cleaned. Using the insertion of the dorsal fin as the mid-line, the whole fish was cut into six steaks of 4 cm width (Fig. 1 ). After this, each steak was cut into half along the backbone, yielding a total of 12 portions. Fish portions were stored in ice for 0, 1, 3, 7, 12, or 18 days. After each period of storage time, part of the samples were used for the analysis of quality properties (including pH, TVB-N, TSP, and drip loss) and part of the samples for pasteurization treatments.
Determination of Moisture, Fat, and Proteins in Different Locations of Fish
Since the composition of fish fillets from different locations of a fish may vary, this would lead to sample inconsistency and affect both chemical and physical attributes of fish fillets during processing and storage. [10] To ensure sample consistency, white muscles from 16 different locations of grass carp were analyzed for moisture, protein, and fat. These included 12 samples from the dorsal area (above the lateral line of fish) of each of the 12 fish portions mentioned above, and four samples from the ventral area of the two middle portions of the fish (Fig. 1) . A total of four fish were analyzed in this manner, and duplicate measurements were conducted for each sample from the tested location of a fish.
The moisture contents of fish muscles were analyzed based upon an oven drying method. [11] In brief, ca. 3.0000 g of minced white muscle was heated at 102°C for about 12 h until reaching a constant weigh. The fat contents of fish muscles were determined based upon an acid hydrolysis method, [12] involving the use of HCl to hydrolyze fish muscles and petroleum ether to extract fat. The protein contents of fish muscles were analyzed using a Kjeldahl method with an automatic Kjeldahl apparatus (Kjeltec-8400, Foss, Copenhagen, Denmark). [11] A conversion factor of 6.25 was used to calculate the amount of protein based on total nitrogen content.
Determination of pH, TVB-N, TSP, and Drip Loss
During storage, white muscles from the dorsal area of fish were analyzed for changes in pH, TVB-N, TSP, and drip loss. The values of pH and TVB-N are important chemical indicators for fish freshness, while TSP is tied to proteolysis and protein denaturation occurring during fish storage. The drip loss of fish muscle during storage might directly account for the change in cook loss of fish muscle during storage. The experiments were repeated four times using samples collected from four different fish, and triplicate measurements were conducted each time for each tested parameter.
To determine the pH of fish muscle, a mixture of 10 g of fish muscle and 100 mL of distilled water was homogenized (F6/10, FLUKO Equipment Shanghai Ltd., Shanghai, China) at a speed of 15,000 rpm for 30 s, and then filtered. Following this, a digital pH meter (pH-3C, Shanghai Leici Ltd., Shanghai, China) was used to measure the pH of the filtrate, reported as the pH of fish. [13, 14] To determine the TVB-N value of fish muscle, the filtrate of homogenized muscle (ca. 2.00 g sample in 20 mL water) was mixed with 25 mL of 10 g/L MgO and then distilled in an automatic Kjeldahl apparatus (Kjeltec-8400, Foss, Copenhagen, Denmark). The distillate was collected in a flask containing a 1% boric acid solution and titrated with a 0.1 N HCl to determine the amount of nitrogen (mg/100 g muscle). [15] The TSP of fish muscle was determined based upon the method of Joo et al., [16] and the detailed procedure was described in an earlier publication. [3] The drip loss of a fish portion is its weight loss in percentage after being stored in ice for a specific period of time. [17] The tested fish portion was patted dried with paper towels to remove excess moisture before being weighed.
Thermal Treatments, Cook Loss, and Area Shrinkage
Before heat treatments, two square fillets (30 mm in length and 6 mm in thickness) were sliced from the dorsal area of a fish portion. Each fillet was vacuum sealed (YS-6,Yongsheng Ltd., Fujian, China) in a retort pouch (Weixi pack Ltd., Jiangsu, China), and then heated in a water bath QUALITY PROPERTIES AS AFFECTED BY FISH FRESHNESS (HAAKE PC300, Thermo Fisher Scientific, Waltham, MA, USA) at 70, 80, or 90ºC for 2, 5, 10, 30, or 60 min. The heating temperature and time were selected to cover a wide range of protocols used in cooking and in-packaging pasteurization. [18, 19] After thermal treatments, the pouches were immediately immersed into a mixture of ice and water to rapidly cool them. Heat treated samples were patted dried with paper towels before being weighed, and then their photographic images were taken. The cook loss was defined as the loss of sample weight in percentage due to the heat treatment. The area shrinkage was defined as the decrease of surface area of a fish fillet in percentage calculated based on the images of raw and heat treated fish fillets, and the sample area was determined using ImageJ software version 1.46 (National Institute of Health, Bethesda, MD, USA). Since the surface areas for two sides of a cooked fish fillet may not be the same, an average of these two areas was used as the final surface area of the fish fillet.
A total of 24 square fillets could be obtained from each fish, which was not enough to complete one set of the experiments for cook loss and shrinkage at a specific temperature (e.g., 70ºC, 0-60 min, 5 variations) in one storage cycle (0-18 d, 6 variations). Thus, two fish were used for such a cycle: one for the heat treatments at a specific temperature involving samples stored in ice for 0-7 days, and the other for the heat treatments involving samples stored for 12 and 18 days. Triplicate experiments were conducted for each heat treatment.
Statistical Analysis
One-way analysis of variance (ANOVA) was used to evaluate whether there was significant difference (p ˂ 0.05) in the composition of different fish portions and in chemical properties (e.g., pH, TVB-N) of fish fillets stored for different time periods (Matlab 7.0.1, Mathworks Inc., Natick, USA).
RESULTS AND DISCUSSION
Moisture, Fat, and Protein Content in Muscle from Different Locations of Fish
Figure 2a-2c shows the average of moisture, fat, and protein content of white muscle from different locations (Figure 1 ) of four fish. There was no significant difference in composition among the six dorsal muscle portions, with an average of 79.2% (± 0.1%, standard deviation for muscles from six different locations) moisture, 19.4% (± 0.2%) protein, and 1.2% (± 0.1%) fat. However, white muscle from the ventral locations (labeled as 7 and 8 in Figs. 1 and 2) had a significant higher level of fat (2.6%), and somewhat lower level (although not significant) of moisture (78.2%) and protein (19.1%). In addition, variance among four fish was noticeable in Fig. 2d : the average water content of dorsal muscles ranged from 77.3-80.4%, protein ranged from 18.6-20.3%, and fat from 0.8-1.7%.
Since a relatively large sample size was required in this study, sample variance due to the difference in each individual fish is unavoidable, and we tried to minimize the sample variance by using a similar size of grass carp from the same supplier. In addition, muscle close to the head and tail generally have higher levels of moisture than those in proximity to the dorsal fin, which would likely lead to higher cook loss and shrinkage. [10] Therefore, only dorsal white muscles from the six selected locations around the dorsal fin were used for the later experiments to ensure greater sample consistency.
Change in pH, TVB-N, TSP, and Drip Loss of Fish Muscle During Storage
The pH of grass carp muscle slightly decreased from 6.80 (± 0.02) to 6.72 (± 0.02) during the first 3 days of ice storage, and then slowly increased to 6.85(± 0.02) up to 18 days of storage (Fig. 3) .
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Liu et al. [15] reported a similar change of pH for grass carp stored at 0ºC, decreasing from about 6.74 to 6.68 in the first 3 days and then increasing to 6.85 on the 21st day. The postmortem pH drop was mainly attributed to the anaerobic degradation of glycogen to lactic acids in muscles, which depends on the stress before slaughter, fish species, seasons, and storage conditions. [15, 20] In general, after an extended period of storage (>1 week), microbial spoilage and postmortem autolysis in fish muscle would lead to an accumulation of base compounds, therefore, an increase of pH after an initial pH drop. [15, [20] [21] [22] TVB-N is composed of ammonia, methylamine, dimethylamine, and other volatile amines, and has been used as a standard indicator for fish spoilage in some countries. [15] For example, the maximum allowed level of TVB-N for freshwater fish is 20 mg/100 g, and for marine fish is 30 mg/ 100 g based upon a Chinese standard for fish. [23] As shown in Fig. 3 , The TVB-N of grass carp muscle remained stable (12.3 ± 0.3 mg/100 g, 12.5 ± 0.2 mg/100 g to 12.6 ± 0.2 mg/100 g) during the first 3 days of ice storage, and then continuously increased to 14.9 ± 0.54 mg/100 g at the end of 18 days of ice storage, but all below the maximum allowed level of 20 mg/100 g. An increase of TVB-N with time during ice storage is commonly found in an array of fish muscle. For examples, Castillo-Yanez et al. [22] found that TVB-N in tilapia (Oreochromis niloticus) increased from 24.2 to 38.4 mg/100 g after 18 days of ice storage, Sharifian et al. [24] observed an increase of TVB-N in tiger tooth croaker (Otolithes ruber) from 15.3 to 35.5 mg/100 g after 19 days, and Zhu et al. [25] showed that TVB-N in crisp grass carp (Ctenopharyngodon idellus C. et V) increased from about 9 mg/100 g to 20.4 mg/100 after 10 days of ice storage. The increase of TVB-N in fresh fish muscle during ice 
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storage was due to microbial activities leading to the degradation of proteins and non-protein nitrogenous compounds. [15] There was no significant difference (p < 0.05) in TVB-N among fish samples stored for 0, 1, and 3 days, indicating that no obvious spoilage occurred during the first 3 days of ice storage, [26] which was consistent with the results discussed above for the change in pH of fish muscle during ice storage.
The levels of TSP slightly decreased from 211.8 ± 1.8 to 200.1 ± 1.0 mg/g, while drip loss slightly increased to 5.5 ± 0.5% during the 18 days of ice storage (Fig. 4) . Among a few publications on the change in protein solubility of fish muscles during cold storage, the reported results were quite different depending upon fish species and types of proteins studied. The change in protein solubility showed a trend of decrease, [6, 27] or increase first but then decrease [28] during 2-3 weeks of ice storage. An increase in protein solubility during storage is generally attributed to the proteolysis happening within hours of postmortem that weaken fibrous linkage, [19] while a decrease in protein solubility is believed to be caused by protein denaturation leading to exposure of more hydrophobic sites and thereafter, aggregation of protein molecules. [27, 28] Protein denaturation and proteolysis have opposite impacts on the protein solubility of fish muscles, and the 
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net effect depends upon fish species and freshness. The increase in drip loss during storage was very likely attributed to the protein denaturation leading to a decrease in the water holding capacity of myofibrillar proteins.
Cook Loss As Affected by Fish Freshness, Heating Time, and Temperature Figure 5 shows that cook loss of fish fillets increased with heating time and temperature, although most of the cook loss occurred during the first few minutes of heating. Similar results were observed for Atlantic cod (Gadus morhua), [29] pink salmon (Onchorychus gorbuscha), [5] and blue mussel (Mytilus edulis).
[1] Cook loss and shrinkage of fish muscle is generally considered as the result of heat-induced protein denaturation and consequently shrinkage of myofibrillar protein.
Higher heating temperature or longer heating time led to greater denaturation, and therefore, higher cook loss and shrinkage. [1, 5] More importantly, Fig. 5 shows that the freshness of fish muscle affects the cook loss. Under the same heat treatment, the cook loss of fish fillets previously stored in ice decreased as the storage time increased. For example, after being heated for 10 min at 80ºC, the cook losses of fish muscles were 15.8% (±0.7%, day 0), 13.0% (±0.5%, day 1), 12.6% (±0.4%, day 7), 11.2% (±0.3%, day 18), respectively; while after being heated for 60 min, the corresponding cook losses were 20.8% (±0.7%, day 0), 17.6% (±0.3%, day 1), 16.0% (±0.2%, day 7), 15.1% (±0.2%, day 18), respectively. Since the drip loss of fish muscle during cold storage may account for the decrease in cook loss of fish fillets as they became less fresh, the cook loss was adjusted to exclude the effect of drip loss by dividing the measured cook loss by a factor (1 minus drip loss). The adjusted cook loss of fish fillets showed very similar trend as that in Fig. 5 (data not shown here), indicating that the drip loss was not the main reason for a decrease in cook loss as fish fillets became less fresh.
The cook loss of fish muscle as affected by fish freshness or cold storage conditions have been recognized in a few studies, [6] [7] [8] [9] which, however, accounted for a very small part of the overall postmortem quality changes in the reported studies. The relevant experiments on cook loss were generally over-simplified, and the samples used were not well-controlled to optimize the sample consistency in these studies. In addition, the reported studies only address the cook loss of fish muscle or minced fish meat heated at a specific temperature for a fixed period of time. The use of one heating temperature and time does not reflect how the cook loss is influenced by heating conditions, and it is almost impossible to quantitatively compare results from different research groups applying different heat treatments. Furthermore, the impact of cold storage temperature 
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condition prior to heat treatments on the cook loss have been quite inconsistent among the limited number of publications in this area. For examples, Fan et al. [8] reported that the cook loss of black carp (Mylopharyngodon piceus) fillets previously stored at 4ºC for up to 12 days showed fluctuation (neither increased nor decreased) with an increase of storage time. Shi et al. [9] indicated that the cook loss of silver carp (Hypophthalmichthys molitrix) stored up to 3 days in ice prior to thermal treatments tended to increase with the storage time. However, the study of Hong et al. [7] using fish muscle close to the head of bighead carp (Aristichthys nobilis) showed that the cook loss of fish muscle decreased with the ice storage time for up to 9 days, but then increased until the 21st day.
The underlying mechanism leading to a decrease in cook loss as fish fillets became less fresh is still unclear. Here, we propose that myofibril and sarcomere were slowly broken down due to postmortem proteolysis during cold storage, which resulted in a less extent of muscle contraction upon heating and, therefore, less shrinkage of myofibrillar protein and water/cook loss. The impact of fish freshness on quality attributes such as cook loss should not be overlooked, and using fish muscles at different stages of freshness may result in inconsistent and even contradictory results. For example, the cook loss of 0-day fish muscle heated at 70ºC for 5-60 min were higher than those stored for 1 or more days and heated at 90ºC for the same time period; but as common knowledge, higher heating temperature should have resulted in greater cook loss. Therefore, to obtain consistent results on cook loss of fish muscle, samples should be collected from the same postmortem stage of fish. Figure 6 shows the effect of storage time, heating time and temperature on the area shrinkage of fish fillets. Similar to cook loss, the area shrinkage increased with heating time and temperature, and continuously decreased during 18 days of ice storage. A linear relationship was found between area shrinkage and cook loss (R 2 = 0.82). The similarity between the cook loss and area shrinkage of grass carp muscle as affected by ice storage and heat treatments was due to the same underlying mechanism governing these two quality attributes, which are tied to heat induced protein denaturation and shrinkage of myofibrillar proteins. 
Area Shrinkage as Affected by Fish Freshness and Heat Treatments
CONCLUSIONS
The cook loss and area shrinkage of fish fillets were not only affected by the severity of a pasteurization heat treatment, but also tied to the cold storage condition prior to the heating and the mechanism behind this was likely linked to postmortem proteolysis leading to less extent of muscle contraction upon heating. This study indicates that using fish with inconsistent freshness results in variability in cook loss and shrinkage following thermal treatments, which affects sensory properties and marketability of packaged pasteurized fish based entrees or meals. 
